Abstract. An experimental study was conducted with a view to assess the potential of CsI as a dynode material for use in electron multipliers. High and reproducible gains were obtained from thin films of CsI deposited on tantalum substrates. The most probable energy of emission of the secondary electrons emitted from CsI dynodes was determined to be 5 1 eV. The dynodes were found to be stable under electron bombardment up to output current densities < 10-8 A cm-2. Owing to the high vapour pressure of CsI at elevated temperatures, the dynodes cannot withstand vacuum-bake at temperatures > 300 "C. Exposure to dry air did not harm the dynodes; however, the gain of the dynodes decreased when they were exposed to humid air.
1, Introduction
A review of the published data on various physical properties of CsI suggests that the compound is a promising dynode material for use in electron multipliers. The high secondary emissive yield of CsI in transmission mode has been reported by Edgecumbe and Garwin (1966) , Llacer and Garwin (1969) , Wilcock and Miller (1969) and Hagino et aZ(1972) . Maximum gains in the range 8-14 were obtained from the CsI TSE dynodes. On the basis of large gains in transmission mode, similar gains could be expected in the reflection mode too. In fact, maximum gain factors of about 20 in reflection mode have been reported from thin layers of CsI (Gomoyunov and Letunov 1965, Verma 1973) .
Besides high secondary emissive yield, another desirable feature of a dynode material is that it should be sufficiently stable as not to be poisoned by short exposures to normal laboratory atmosphere. Actually this feature becomes essential for certain applications where an electron multiplier has to be vented to air periodically. The reported data concerning this aspect seem to be inconclusive. Edgecumbe and Garwin (1966) reported no effect on secondary emissive properties of CsI dynodes exposed to 35% relativehumidity air for a few weeks, while Hagino et a1 (1972) observed a 10% decrease in yield after exposing the dynodes even to dry air, for one hour. Sommer (1967) obtained ambiguous results on measuring photoemissive yields of various CsI photocathodes, exposed to laboratory ambient. He attributed the ambiguity to variations in the moisture R L Verina content of the room air. Bates (1969) has reported that the luminous efficiency of thick films of CsI(T1) was affected very little on storage under normal conditions for several weeks and that it could be restored by a mild air-bake at 100 "C.
Application of a material in sealed off devices requires its stability in vacuum at temperatures around 300 "C which are normally encountered during degassing of these devices. Bates (1969) has reported that x-ray image intensifier tubes were baked at up to 300 "C without any harmful effects on the luminescent films of CsP (Tl) incorporated into them. Polehn (1976) observed that CsI coatings on microchannel plates remained unharmed when vacuum-baked at temperatures < 300 "G, and that at temperatures b 300 "C the coatings were damaged.
In spite of these seemingly favourable characteristics no practical device incorporating CsI dynodes seems to have been reported. Moreover, there is a lack of experimental data on other properties of CsI, such as stability under electron bombardment and distribution in energy of the secondary electrons. It was hence felt that further investigation of relevant properties of CsI would be of practical interest. The present paper describes the experimental details and results of such an investigation. The results confirm that the secondary yields of CsI films are high and reproducible. The dynodes are stable in dry air. The gain of a dynode degrades, however, on exposure to humid air. The most probable energy of emission of the secondaries is 5 1 eV. CsI dynodes incorporated in a demountable electron multiplier gave typical gains of 4.2 at Ep =400 V. The dynode gains remained constant up to output current densities of < 10-8 A cm-2. The main advantage of CsI dynodes lies in the fact that dynodes can be rejuvenated easily. The high vapour pressure of CsI at temperatures 2300 "C might inhibit its applications in sealed-off devices.
Experimental procedure f5r measuring yield of individual dynodes
The measurement of secondary emissive yield of individual dynodes was carried out by the conventional DC method similar to that adopted by Goto and Ishikawa (1972) . The target was located at the centre of a hemispherical collector. A suppressor grid was used to prevent tertiaries, generated at the collector, from escaping. The constructional details of the measuring tubes are given elsewhere (Verma 1977) . The potential differences between the grid and the collector, and between the grid and the target, were maintained at -50 V and $90 V respectively while measuring the secondary emission yield. The yield S is given by the ratio of the sum of collector and mesh currents to the primary electron beam current. The currents in the collector and the target circuits were measured simultaneously.
The specimens used for measurement were prepared by depositing thin films of CsI onto tantalum substrates at a pressure of -1 x 10-5 Torr. After allowing dry nitrogen in the evaporation chamber, the specimens were transferred to the measuring tube. The tube was baked for about 2 h at 100 "C, while being evacuated by a mercury diffusion pump system. On subsequent cooling, the pressure in the system read 5 x 10-7 Torr. The primary current was maintained in the 10-11 A range during measurements.
Experimental results and discussion

Secondary emissive yield as a function qf the incident electron energy
The secondary emissive yield was measured for a number of dynodes having different thicknesses of CsI layers. At a specified primary beam energy, the yield increased with increasing thickness of the CsI film until it become constant at a thickness termed 'saturation thickness'. For example, the saturation thickness was found to be less than 50nm for primary electron energies up to 1 keV. The yields of different samples having the same thickness of CsI layer agreed with each other within 10%. The primary electron energy was varied in the range 0.45-10 keV. Measurements at still lower energies were impeded by the enhanced instability of the primary beam current at lower accelerating voltages.
Curve A in figure 1 shows a typical 6-E, relationship for an 80 nm thick CsI film. The 'A present results differ slightly from earlier results reported by the author (Verma 1973 ).
The present results are considered more accurate because of improvements made both in measurement technique and in experimental set-up. MgO seems to be the most efficient secondary emitter of the materials stable in air (Whetten and Laponsky 1959) . A comparison of its yield with the present results on CsI shows that the latter is superior at primary electron energies 2 2 keV. This suggests that CsI can be used with advantage to coat the first-collision surfaces of the electron multipliers used for multiplying kilovolt electrons, e.g. microchannel plates incorporated in inverter-type image intensifier tubes.
Efect of laboratory environments on the yield of CsI dynodes
Experiments were carried out to investigate the effect of laboratory environments on the yield of CsI dynodes. A few sets of dynodes each consisting of two samples prepared simultaneously were subjected to yield measurements. One of the specimens was transferred directly to the measuring tube while the other was subjected to a specific exposure and its yield was measured subsequently. All the samples used for these investigations had a 80 nm thick layer of CsI. The results are presented in the following.
3.2.1. Exposure to dry air or rarified atmosphere ( p N 10-2 Torr). The storage of a specimen for 24 h in a desiccator containing silica gel did not affect its yield to any appreciable extent. The relative humidity inside the desiccator was measured to be <4%. Similar
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results were obtained with specimens left on the pumping system at apressure -
The results for a typical specimen are shown by solid circles on curve A in figure 1.
Torr.
Exposure to normal laboratory environment.
A number of samples were exposed to room air for a period of 24 h. The room temperature and relative humidity were measured to be, on the average, 27 "C and 60% respectively. The yields measured at a particular energy Ep of different samples, exposed on different days, were found to vary by as much as 25%. However, the average behaviour may be typified by the results shown by curve B in figure 1. It is seen that the yield of the exposed samples has degraded over the entire primary electron energy range investigated.
Exposure to high-humidity air.
In order to simulate exposure to high-humidity air a specimen was blown at gently through a wet glass tube. Curve C in figure 1 depicts the measured yield and shows that the yield is reduced drastically by this treatment.
The results mentioned in 993.2.1 and 3.2.2 indicate that water vapour present in air is the main agent causing the degradation of the yield of CsI dynodes during their exposure to air. This is confirmed by the experimental evidence presented in $3.2.3. Visual inspection of the affected dynodes revealed that the upper layers of the dynode surface turned milky after the exposure described in 93.2.2, However, the bright colour of the underlying layers could still be discerned when viewed at glancing angles. The colour of the underlying layers also disappeared, after the exposure described in $3.2.3. An examination of the surfaces of the exposed dynodes with a scanning electron microscope showed that on exposure to laboratory environment (93.2.2) the surface cracked; and on exposure to high humidity air, island-like structures appeared. These observations suggest a dissolving action of water vapour as the mechanism for the surface damage of the CsI dynodes.
The structural damage would lead to gain degradation of a dynode because of reduction in size of the area coated with CsI and trapping of secondary electrons by the cracks on the surface. However, the mechanical damage alone cannot explain quantitatively the extent of reduction in yield of an affected dynode. The chemical reaction between water vapour and CsI material in the surface layers seems to be the other likely process responsible for the observed gain degradation. Whetten and Laponsky (1959) reported a decrease in the secondary emissive yield of MgO films on exposure to water vapour. Patterson and Vaughan (1963) attributed the decrease in transmittance of LiF film on exposure to air to the chemical reaction of LiF with moisture. A reduction of gain of CsT dynodes on exposure to water vapour at a pressure w 1.5 Torr for an hour was observed by Hagino et al(l972) . They found that the gain could be retrieved to some extent by baking the dynode at 200 "C. However, in the present case, no retrieval was observed even after a prolonged vacuum-bake at 150 "C. The present results agree with similar results of Whetton and Laponsky (1959) and Patterson and Vaughan (1963) .
Stability under electron bombardment
Yield measurements were made on individual dynodes after subjecting them to electron bombardment at various input current densities, No degradation of yield, within experimental error, was noticed at output current densities < 10-8 A cm-2 even after continuous electron bombardment for 12 h. Investigations at higher current densities could not be carried out in the present measuring tube because of the limited electron beam current available. The results of experiments carried out with the help of electron multipliers (discussed in $5) indicated that the gain of a dynode decreases at output current densities 2 10-6 A cm-2. Visual inspection of the dynode surfaces after dismantling the multiplier structure showed that an image of the wire-array mounted in front of the dynode was imprinted on its emitting surface. The imprint was visible only on the dynodes from which output current densities exceeded 10-7 A cm-2, The decomposition of alkali halides under electron bombardment is a well known phenomenon (Bruining and DeBoer 1939, Anderson 1960) . However, on the basis of the results of Edgecumbe and Garwin (1 966), the life of the dynode beforeits gain decreases by 10% can be calculated to be a few hundred hours at output current densities ri10-8 A cm-2.
Energy distribution of the secondary electrons
A knowledge of the spread in the energies of the secondaries emitted from a dynode is important from the point of view of electron optics. The energy distribution of secondary electrons from CsI films was measured by the retarding-potential method. A voltage ramp sweeping linearly from 4.5 to -13.5 V was applied to the suppressor grid while holding both the target and the collector at ground potential. A typical target current/ grid voltage characteristic is shown in figure 2. The energy distribution curve obtained by graphical differentiation of the curve in figure 2 is shown in figure 3 . The peak of the distribution curve lies on positive voltage side of the zero-potential axis. This indicates the existence of a significant contact potential difference between the grid and the target (Johnson and Mckay 1953) . The work function of CsI is estimated to be e3.4 eV on the basis of the values for the parameters electron affinity and energy-band gap quoted by Distefano and Spicer (1973) . The workfunction of stainless steel used for grid mesh is taken to be approximately 5.0 eV (Ioffe 1960 and Cardwell 1949) . The grid would then be 1.6 V negative with respect to the target and the curve in figure should be shifted towards the right-hand side in figure 3 by this amount. The most probable energy of emission is then found to be 5 1 eV. This agrees well with similar results obtained from other materials with high secondary emission yields such as MgO (Whetten and Laponsky 1959) and KC1 (Petzel 1960) . A similar result has been obtained from TSE dynodes of CsI by Llacer and Garwin (1969) .
Stability in vacuum at elevated temperatures
The rate of loss of thickness of the CsI coatings on dynodes due to evaporation at dynode temperatures of about 300 "C was estimated to be -0.01 nm s-1 on the basis of the reported data on vapour pressure of CsI (Gogin and Kimballl948, Bates 1969) . However, when a dynode was heated to 280-300 "C its yield decreased much more rapidly. Further experiments confirmed that the decrease in yield was due to the loss of CsI from a dynode surface at temperatures just mentioned. In fact CsT films about 80 nm thick sublimated away completely within a few ininutes when heated to temperatures N 280-300 "C. It may be remarked here that the temperature of the films was monitored by a thermocouple attached to the substrate. The degradation of noise figure of a microchannel plate, coated with CsI, upon heating to temperatures >, 300 "C can similarly be accounted for by sublimation of the CsI coating (Polehn et a1 1976) . Thus it appears that CsI dynodes cannot withstand sk vacuum-bake at temperatures 2 300 "C, which is normally given to sealed-of devices during processing.
Experimental electron multiplier
The results of the experiments described in the preceding paragraphs prompted to us to fabricate an electron multiplier for testing the performance of CsI dynodes in a practical device. The 'venetian blind' type structure was selected for the dynode assembly because of its easily demountable nature. Moreover, since this structure is not of a focused type, the current density per unit area is more nearly uniform and greatly reduced over that which might be experienced in a focused structure. The reduced current density was expected to help in minimising the decomposition of dynode material under electron bombardment. The schematic diagram of a nine-stage electron multiplier tube made in the laboratory is shown in figure 4 , which is self-explanatory. The dynodes were mounted an four ceramic supports, fixed on a metallic flange. Each multiplying dynode, except the last one which was simply a flat circular plate of nickel, consisted of two nickel plates each 35 mm in diameter with a 2 cm square hole at its centre. In one of the plates the hole was blinded with eight shutters, spot-welded to the base plate at an inclination of 45". The other nickel plate carried a grid made of 0.05 mm thick nichrome wire. The multiplying surfaces of the dynodes were coated with CsI by the vacuum evaporation process. The evaporation chamber was vented to dry nitrogen and dynodes were quickly assembled onto the flange. The dynode assembly was then O-ring sealed to a glass tube, joined to a pumping system. The tube was pumped down to 1 x 10-6 Torr.
A tungsten filament, heated with a stabilised DC voltage supply unit, provided a stable current of electrons to the multiplier. The aperture of the multiplier was limited to about 1 cm diameter by an electrode mounted between the filament and the first dynode. The input current l i and the output current lo were measured at the first and the last dynode respectively. The amplification factor defined by the ratio Io/li was measured at different overall voltages, the voltage being divided equally among all the dynodes.
The variation of the amplification factor as a function of the overall voltages over a range 0.8-3-6 kV is shown in figure 5 . The average stage gain at an interstage voltage of 400 V was found to be 4.2. The stage gain was lower than the corresponding secondary yield of a dynode as shown by curve A in figure 1, primarily because of the interception of electrons by wire mesh, and other transmission losses between successive dynodes. Nevertheless the gain was still higher than the average value of -2-3 of alloy dynodes (Sharpe 1961) .
One of the electron multipliers was left on a vacuum system at a pressure of 10-2 Torr for 2 weeks, and the amplification factor was measured again. The value of the gain was found to be within 30% of its initial value. No noticeable change in overall gain was
Overcii vo!toge I keV1 Figure 5 . Gain characteristics of a nine-stage CsI electron multiplier.
observed after a continuous operation for a period of 12 h at an output current in the 10-8A range. However, at output currents of a few microamperes the overall gain decreased and stabilised at 50 % of its initial value.
One of the electron multipliers was rejuvenated three times. For this purpose the dynodes were removed from the multiplier mount, rinsed with distilled water and recoated with CsI. The overall gains measured on the three occasions agreed with each other within +20 %.
Conclusions
The important results of the present study may be summarised as follows:
(1) The yields of CsI dynodes are high and reproducible. The dynodes could be rejuvenated easily. (2) The dynodes are stable in dry air; however, they are damaged if exposed to humid air. The extent of degradation of dynode gain depends upon the duration of the exposure as well as the water vapour content of the air. Exposure to air with humidity 380% spoils the dynodes within a few minutes: they are nonetheless sufficiently inert that they can be assembled in normal air with humidity ~6 0 % without appreciable loss of dynode gain. (3) The most probable energy of emission of the secondary electrons is about 1 eV. (4) The CsI dynodes are sufficiently stable under electron bombardment up to output (5) There is a rapid loss of CsI material from the surface of a dynode when heated in current densities < 10-8 A cm-2. vacuum to temperatures 3 300 "C.
It is concluded from these results that within limitations imposed by its relatively high vapour pressure at elevated temperatures and its decomposition under electron bombardment, CsI is an excellent dynode material. Its chief advantage lies in the fact that dynodes can be prepared by the simple process of vacuum deposition. Because of its relatively high secondary emission yield at beam energies of the order of a few keV it can be used advantageously to coat the input end of the microchannel plates incorporated into many practical devices, e.g. inverter-type image intensifiers and field emission microscopes.
Besides, electron multipliers employing CsI dynodes should prove useful in monitoring vacuum-ultraviolet radiation and soft x-rays. The first dynode may then serve as the photocathode for the incident radiation. The high quantum efficiency of CsI photocathodes in this region of spectrum has been reported by several authors (Taft and Phillip 1957, Metzger 1965) .
